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Description
Technical Field

[0001] The present invention relates to an optical amplifier for optical packet communication and a method for for
amplifying an intensity of an optical packet signal using an amplifier for optical packet communication.

Background Art

[0002] The principles of optical amplification in practical use are based on stimulated emission (or stimulated scattering,
parametric amplification). In each case, a gain is obtained by the number of electrons in the upper energy state. The
time constant decided by the elementary step of energy supply and the material constant and the structure constant is
given to the process where the number of electrons in the upper state by optical amplification is reduced and is recovered
with the energy supplied. An erbium doped fiber amplifier (hereafter referred to as "EDFA"), which is the most common
optical amplifier, has a time constant of several ms and is therefore supposed to be suitable for the amplification of high
speed signals of more than gigabit per second class (as a semiconductor optical amplifier with a short time constant
etc. produce a pattern effect, a remedy is necessary for the amplification of high speed signals). However, when the
modulation signal is not a series of bit string but a data format with a small granularity like a burst/packet, a transitional
excursion occurs in a waveform or an envelope curve even ifitis a comparatively long time constant of EDFA (E. Sshulze,
M, Malach, F. Raub, "All-Raman amplified links in comparison to EDFA links in case of switched traffic," in ECOC 2002,
Symposium 3.8).

[0003] On the other hand, many excursion suppression technologies are reported which are divided roughly into the
optical methodology using an optical loop circuit etc. and the electric method using an automatic gain control circuit
(AGC) etc. However, the optical methodology is of little practical use due to the complexity of configuration and the low
controllability. (C-L. Zhao, H-Y. Tam, B-O. Guan, X. Dong, P.K. A. Wai, X. Dong, "Optical automatic gain control of EDFA
using two oscillating lasers in a single feedback loop" Optics communications 225, 157-162 (2003)) On the other hand,
the electric method has achieved certain results about the network which changes comparatively at a low speed. However,
it has turned out that the electric control system only is not enough as the granularity of a data format becomes smaller
and communication methods with a high circuit use efficiency ratio like an optical burst/optical packet have been studied.
[0004] According to the examination literature, the time constant of an electric circuit for suppressing a gain excursion
is a sub-microsecond, and it cannot respond to the typical length (shortness) of the optical packet which accommodates
high-speed payloads of more than 10 gigabits per second class (C. Tian a EDFA pumped by 1480-and 980-nm lasers,
"Institute of Electrical and Electronics Engineers JLT 21(8)).1728-1734(2003),H. Nakaiji, Y. Nakai, M. Shigematsu and
M. Nishimura, "Superior high-speed automatic gain controlled erbium-doped fiber amplifiers, "Optical Fiber Technology
9, 25-35 (2003)). Furthermore, an optical controlling method is also proposed. However, as it has various problems, for
example, its suppression is imperfect, its method is complication, etc., it has not been put into practical use.

[0005] Furthermore, a front formula during the process in which a burst transition of the input signal under WDM
environment causes the transient response of EDFA is given approximately (refer to Non-Patent Document 1 below).
However, although many methods of adaptively controlling the operating state of EDFA using several external circuits
as mentioned above are proposed as a concrete measure to such a transient response, the concrete method of sup-
pressing the transient response of EDFA itself is not provided at all.

[0006] European patent application EP1089401 relates to an optical amplifying unit including an input for the input of
optical signals, an output for the output of the optical signals, a single-mode active fiber codoped with Er and Yb, optically
connected to the input and the output, and adapted to amplify the optical signals, a first pump source for generating a
first pump radiation including an excitation wavelength for Er, a second pump source for generating a second pump
radiation including an excitation wavelength for Yb, a first optical coupler for optically coupling the first pump radiation
into the core of the active fibre in a co-propagating direction with respect to signal direction, and a second optical coupler
for optically coupling the second pump radiation into the core of the active fiber in a counter-propagating direction with
respect to signal direction.

[0007] US patent US5125066 relates to an optical fiber in which an optically functioning element is doped in at least
the core, and the cladding is hermetically coated with carbon film and an optical fiber-type optically active device com-
prising: an optical fiber loop bundle constituted by a plurality of winds of an optical fiber hermetically coated with carbon
and doped with an optionally functioning element; and beam introducing means for introducing a beam for pumping the
optically functioning element into the optical fiber loop bundle.

[0008] US patentapplication US2007019285 relates to an optical amplifier with a structure for suppressing the over/un-
dershoot in transient responses in high-speed AGC. This optical amplifier is an optical device for amplifying signal light
inputted therein, and comprises a rare-earth-element-doped optical fiber, an optical coupler, a light-receiving section, a
pumping light source, and a control section. In particular, as a typical structure of the optical amplifier, the rare-earth-
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element-doped optical fiber has a cutoff wavelength set longer than the pumping light wavelength but shorter than the
signal light wavelength, and mainly allows a pumping light component in a fundamental mode to propagate therethrough.
The pumping light and signal light are made incident on the first rare-earth-element-doped optical fiber such that only
the pumping light component in the fundamental mode and a signal light component in the fundamental mode propagate
through the first rare-earth-element-doped optical fiber in a state where the first rare-earth-element-doped optical fiber
extends straight.

[0009] US Patent US5161050 relates to an optical amplifier which includes an active fiber doped with a fluorescent
dopant which provides light energy emission at the wavelength of the transmission signals when the latter signals are
applied thereto. One section of telecommunication line is connected to one input of a dichroic coupler, the output of
which is connected to one end of the active fiber and the other input of which is connected to a source of pumping energy
at a wavelength lower than that of the transmission signals. The other end of the active fiber is connected to another
section of the telecommunication line. In rectilinear form, the active fiber provides single-mode propagation of the energy
at the signal wavelength and multi-mode propagation of energy at the pumping energy wavelength. However, the active
fiber is bent to a radius of curvature for at least 70% of its length which will provide only fundamental mode propagation
at the pumping energy wavelength which also reduces the mode diameter for the transmission signals.

[0010] US PatentUS6556346 relates to an optical amplifying unit for amplifying optical signals in an optical transmission
system has an amplification wavelength band with a lower wavelength limit greater than 1570 nm and includes an input
for the input of optical signals, an output for the output of optical signals and an optical amplifier interposed between the
input and the output to amplify the optical signals. The optical amplifier includes an amplification fiber co-doped with
erbium and ytterbium, at least a pump source to generate pump radiation and at least an optical coupler optically coupling
the pump sources to the amplification fiber. The optical amplifying unit has a power gain of at least 31 dB when the
optical signals have an input power of at least -10.5 dBm and wavelengths within the amplification wavelength band.
[0011] Fig. 1 is a figure showing a transition example of a packet waveform brought about by EDFA. Fig. 1 shows an
example of a packet which is 9.95328 bits having a 128bits preamble and a 3814bits payload, and whose duration is
about 400n second. As shown in Fig. 1, the waveform of an optical packet will collapse by gain excursion of EDFA.
[0012] Furthermore, when there is little traffic and if the intensity of all the pulses has been constant, its average power
will become smaller. Therefore, the decrease in traffic can be grasped. However, the network control side does not
always recognize the labels of each packet (for example, the optical amplification in a transmission channel: 1R relay
etc.). The way generally used at the time is the monitoring of an average power. However, only by monitoring an average
power, it is impossible to judge whether there is little traffic or the pulse intensity is low when a low average power is
detected. In the conventional optical communication system, the EDFA controlled by average power monitor has been
operated by APC (power fixed control). Although traffic is heavy and pulse intensity has the same average power as a
low signal to such EDFA, if an optical signal with little traffic enters, there arise problems such as a nonlinear phenomenon
and a damage of an optical element with very high peak power. On the other hand, if the gain of EDFA is changed, other
characteristics (for example, gain flatness) etc. will be influenced. Furthermore, as an optical packet is supposed to go
through various paths, the accumulation of the optical loss and optical gain which each packet experience will differ,
and the pulse intensity will also differ.

[0013] The assumed measures in such a case fall roughly into two methods. One method is to adaptively control the
pump optical intensity of EDFA to change the gain. However, this method includes a lot of problems, for example, the
response speed is slow as a comparatively large amount of electric current is used, noise figure deteriorates, etc. The
other possible method is to drive EDFA by ACC (electric-current fixed control), for example, and at the same time control
the incident average power so as to keep the intensity of the optical pulse included therein constant. This method controls
the intensity of the optical pulse. Generally, the pulse intensity is decreased. One of the concrete methods is implemented
by an optical modulator. As there are many types of optical modulators, the optical pulse can be controlled at high speed
by using an optical modulator. In that case, when the incident average power changes greatly (specifically, more than
10dB), the operating conditions of EDFA will be changed greatly which are optimized to the incident power and gain on
a specification with regard to the leaf length or the pump optical intensity. Specifically, the gain flatness of WDM will be
lost. When the gain flatness of WDM is lost, WDM has a defect, and the transitional gain excursion changes for every
wavelength band. Therefore, a rare earth doped fiber which can equally amplify the intensity of each wavelength channel
especially even if there is little traffic etc., and an optical communication system using such a rare earth doped fiber are
desired.

[0014] Japanese patent application JP2007053350 relates to an optical device for amplifying an input signal light,
equipped with a rare earth element addition optical fiber, optical couplers, light receivers, an excitation light source, and
a controller. Especially, as the typical configuration of the optical amplifier, the cutoff frequency of the rare earth element
addition optical fiber is set to be longer than an excitation light wavelength, and shorter than a signal light wavelength,
and mainly allows a propagation of an excitation light component of a base mode. Moreover, entrance of the excitation
light and the signal light into the rare earth element addition optical fiber are carried out so that only the excitation light
component and a signal light component of the base mode may be propagated inside the rare earth element addition
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optical fiber in the status where the rare earth element addition optical fiber is straightly extended.
[Non-Patent Document 1]

[0015] Sun, Y., Zyskind, J.L., Srivastava, A.K., Zhang, L, "Analytical formula for the transient response of erbium-
doped fiber amplifiers" Applied Optics, Vol. 38, Issue 9 (1999) pp 1682-1685

Disclosure of the Invention
Problems to be Solved by the Invention

[0016] Itis an object of the presentinvention to provide a rare earth doped fiber such as an erbium doped fiber amplifier
whose transient response is suppressed.

[0017] Itis an object of the present invention to provide an optical information communication system comprising an
erbium doped fiber amplifier whose transient response is suppressed.

[0018] Itis an object of the present invention to provide an erbium doped fiber which can equally amplify the intensities
of each wavelength channel, particularly, even if there is less traffic, and an optical information communication system
comprising such a rare earth doped fiber.

[0019] A program, for the construction of an optical information communication system comprising a rare earth doped
fiber such as an erbium doped fiber amplifier whose transient response is suppressed, is described as well

Means for Solving Problems

[0020] The presentinvention is based on a knowledge that the use of a rare earth doped fiber with expanded active
region can provide EDFA whose transient response is suppressed, which can favorably be used in optical information
communication.

[0021] The present invention is also based on a knowledge that the installation of a gain equalizing filter in from of
EDFA can make an optical power at a gain medium end and a wavelength dependence of a gain excursion small, thereby
suppressing transient response.

[0022] The present invention is also based on a knowledge that the installation of a preamplifier can suppress the
excess noise caused by a gain equalizing filter. The present information is furthermore based on a knowledge that
overpumping can reduce the input power dependence of a rare earth doped fiber and obtain a fixed gain, thereby
maintaining gain flatness (uniformity of gain to wavelength).

[0023] Thefirstaspectofthe presentinventionrelates to an optical amplifier for optical packet communication according
to claim 1.

[0024] That is, a fiber amplifier for optical communication with low power output has been conventionally used in an
optical amplifier for optical packet communication. This is because a fiber amplifier for high power output is expensive
and it requires a larger space and it is not easy to handle. Furthermore, a fiber amplifier for optical communication has
been considered not to be suitable as an amplifier for optical information communication using an optical pulse because
the gain excursion (transition of gain to time) is large. However, the present invention can suppress the gain excursion
by purposely using such a fiber amplifier for high power output used in optical communication in optical packet commu-
nication. The diameter of an active region may be 3.5um and 10um, inclusive, 4pm and 6u.m, inclusive, or 4pm and
5wm, inclusive (the same shall apply hereinafter).

[0025] The rare earth doped fiber is an optical fiber doped with erbium as a rare earth.

[0026] Advantageously, the amplifier relates to an amplifier whose non-saturation region in the amplifier operation is
expanded by reducing a numerical aperture so that the integration value of the overlapping region of erbium ions and
the optical mode place might be small. The numerical aperture of the erbium doped fiber is less than or equal to 0.2.
Preferably, the numerical aperture is less than or equal to 0.13. A numerical aperture can be controlled by adjusting the
erbium concentration contained in a core and a clad, for example. Generally, an optical fiber with a high numerical
aperture has been considered to be more efficient as stated in the column titled 1.7.2 Fiber structural dependence of
"Erbium-doped Optical Fiber Amplifiers", edited by Shoichi Sudo, The Optonics Co., Ltd., pp 150-152. And it has been
common knowledge to design an erbium doped fiber so that a numerical aperture might be as high as possible. The
present invention uses a fiber with a low numerical aperture sot as to suppress a gain excursion. Reducing a numerical
aperture enables the integration value of the overlapping region of erbium ions and the optical mode place to be small,
thereby expanding the non-saturation region in the amplifier operation.

[0027] According to the present invention, the erbium doped fiber comprises a core and clad surrounding the core,
the core being doped with erbium as a rare earth, the clad being doped with a lower concentration of erbium than that
included in the core. This kind of optical fiber is one where a numerical aperture is reduced.
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[0028] A preferred embodiment of the first aspect of the present invention relates to the optical packet communication
system using the amplifier as described above. As the system has the fiber amplifier as described above, it can amplify
the signals comprising optical packets such as a header or a payload while suppressing a gain excursion.

[0029] The second aspect of the present invention relates to a method for amplifying an intensity of an optical packet
signal using an amplifier for optical packet communication according to claim 4. erbium doped fiber with a low numerical
aperture is used.

[0030] The optical amplifying apparatus for optical packet communication can comprise a gain equalizing filter, and
the erbium doped fiber into which a light having transmitted through the gain equalizing filter enters.

[0031] The optical amplifying apparatus for optical packet communication may comprise a preamplifier, a gain equal-
izing filter into which a light amplified by the preamplifier enters, and the erbium doped fiber into which a light having
transmitted through the gain equalizing filter enters. In accordance with the present invention, hereinafter a rare earth
doped fiber is to be understood as an erbium doped fiber.

[0032] The third aspect of the present invention relates to a method for amplifying an optical packet, which may
comprise the steps of adjusting the intensities of wavelength channels so as to equalize the light intensities of the
wavelength channels having entered a rare earth doped fiber and transmitted therethrough by a gain equalizing filter,
and inputting the optical packet having gone through the above step to the rare earth doped fiber.

[0033] The forth aspect of the present invention is an optical amplifying apparatus for optical packet communication,
which may comprise a first rare doped fiber having an active region the diameter of which ranges between 3.4 um and
10 wm, an intermediate gain equalizing filter into which a light having transmitted through the first rare earth doped fiber
enters, and a second rare earth doped fiber having an active region the diameter of which ranges between 3.4um and
10pm, into which a light having transmitted through the intermediate gain equalizing filter enters, the first rare earth
doped fiber being shorter in length than the second rare earth doped fiber, and the intermediate gain equalizing filter
adjusting the intensities of wavelength channels so as to equalize the light intensities of the wavelength channels having
transmitted through the second rare earth doped fiber. The fibers as explained earlier can appropriately be utilized as
a rare earth doped fiber used in the optical amplification method according to this aspect. An erbium doped fiber with a
low numerical aperture is to be used.

[0034] In this way, including two prepared rare earth doped biers and a gain equalizing filter makes a gain excursion
smaller, and flatness is not impaired (for example, the intensity difference at each channel is within 1dBm), the width of
an input signal is increased and the noise characteristic is also improved. As a result, the above optical amplifying
apparatus can give the amplification characteristic to an input signal, which is same even when there is little traffic as
when there is much traffic.

[0035] The two rare earth doped fibers are designed taking the wavelength range of an input signal, the magnitude
of a gain, the intensity of an input signal, the intensity of an output signal, etc., into consideration comprehensively.
Specifically, when a rare earth doped fiber having an active region of a certain size is used, the length is appropriately
adjusted. The main role of the first rare earth doped fiber (31) is, for example, to give a small gain to the light incident
on the intermediate gain equalizing filter (22) so that an excess noise may not occur by the loss with the intermediate
gain equalizing filter (22). On the other hand, the main role of the second rare earth doped fiber is to amplify an optical
signal. Therefore, the gain with the second rare earth doped fiber is preferably is larger than the gain with the fist rare
earth doped fiber. As the same or similar rare earth doped fibers are usually used, the length of the first rare earth doped
fiber is preferably less than half of the length of the second rare earth doped fiber.

[0036] With regard to the specific length of the two rare earth doped fibers, preferably, the length of the first rare earth
doped fiber is between 25cm and 75cm, inclusive, and the length of the second rare earth doped fiber is between 1m
and 3m, inclusive. The rare earth doped fibers can preferably be used in the normal optical packet communication etc.
within the range, as the rare earth doped fibers were actually designed and checked as to their functions.

[0037] The intermediate gain equalizing filter adjusts the intensities of each wavelength channel so that the optical
intensities of each wavelength channel having transmitted through the second rare earth doped fiber may be equal. In
order to make the intermediate gain equalizing filter function as mentioned above, it may have the characteristic that
compensates the gain excursion with the two rare earth doped fibers. This guarantees the outputted gain flatness of an
optical pulse. It is a well-known technology to control the characteristic of a gain equalizing optical filter. Therefore, if
the gain excursion which matches the gain characteristics with the two rare earth doped fibers can be obtained, a gain
equalizing filter may be designed and manufactured so as to compensate the gain excursion.

[0038] As shown in the embodiment described below, the use of an overpumping light source as a light source of a
light entering into the first rare earth doped fiber can provide an optical amplifying apparatus for optical packet commu-
nication having an extremely good characteristic.

[0039] A specific output power of the overpumping light source (34) is between 200mW and 1 W, inclusive.

[0040] The fifth aspect of the present invention relates to a method for manufacturing an erbium doped fiber amplifier
comprising the step of designing the erbium doped fiber so as to have an active region the diameter of which ranges
between 3.4pm and 10pum and to have a numerical aperture of less than 0.2 to make I'; smaller, where I is a factor
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indicating an integration value of an overlap area between erbium ions and an optical modal field in a wavelength channel.
[0041] The sixth aspect of the present invention relates to a program for obtaining an initial value and time fluctuation
of a gain fluctuation for a rare earth doped fiber by making a computer operate as a means for inputting a cross-sectional
area S of an active region of the rare earth doped fiber, a means for reading out a first factor and multiplying the cross-
sectional area S of the active region by the first factor to obtain an intrinsic saturation power P'S(xj) for each wavelength
channel, a means for reading out a light intensity POUT(XJ-) after having transmitted through each wavelength channel
and obtaining a value by dividing the read out POUT(1;) by the previously obtained intrinsic saturation powder P'S(2;) for
all wavelength channels to add the obtained values POUT(%;)/P'S(3)), and a means for reading out a predetermined
number and a second factor and adding a value obtained by adding the values POUT(%;)/PS(3;) for all wavelength channels
and the predetermined number to multiply the value after the addition by the second factor.

[0042] The sixth aspect of the present invention relates to a computer program for designing an optical communication
system, which at least makes a computer operate as a means for displaying an icon related to a rare earth doped fiber
on an output device, a means for displaying the icon at a predetermined position on a design screen for obtaining an
operation of the optical communication system, and a means for, when the icon is displayed at the predetermined
position, outputting, for an optical pulse inputted to the rare earth doped fiber, an amplitude of the inputted optical pulse
amplified by multiplying an amplification factor stored in advance.

[0043] A preferred embodiment of the sixth aspect of the present invention relates to the program as described above
for designing an optical communication system in consideration of an initial value and time fluctuation of a gain fluctuation
for a rare doped fiber by making a computer operate as a means for inputting a cross-sectional area S of an active region
of the rare earth doped fiber, a means for reading out a first factor and multiplying the cross-sectional area S of the active
region by the first factor to obtain an intrinsic saturation power P'S(xj) for each wavelength channel, a means for reading
out a light intensity POUT(XJ-) after having transmitted through each wavelength channel and obtaining a value by dividing
the read out POUT(%)) by the previously obtained intrinsic saturation powder P'S(3;) for all wavelength channels to add
the obtained values POUT(2,)/P!S();), and a means for reading out a predetermined number and a second factor and
adding a value obtained by adding the values POUT(3,)/P!S(3) for all wavelength channels and the predetermined number
to multiply the value after the addition by the second factor.

[0044] A preferred embodiment of the sixth aspect of the presentinvention relates to a computer program for designing
an optical communication system, which at least makes a computer operate as a means for displaying on an output
device an icon related to an optical amplifying apparatus for optical packet communication where a prefilter and a rare
earth doped fiber are combined, a means for displaying the icon at a predetermined position on a design screen for
obtaining an operation of the optical communication system; and a means for, when the icon is displayed at the prede-
termined position, outputting, for an optical pulse inputted to the optical amplifying apparatus for optical packet commu-
nication, an amplitude of the inputted optical pulse amplified by multiplying an amplification factor stored in advance.
[0045] A preferred embodiment of the sixth aspect of the present invention relates to a computer-readable information
storage media whereon any one of the programs as described above is stored

[0046] A preferred embodiment of the sixth aspect of the present invention relates to a computer whereon any one of
the programs as described above is mounted, for designing an optical communication system comprising a rare earth
doped fiber

Effect of the Invention

[0047] According to the present invention, an erbium doped fiber amplifier whose transient response is suppressed
can be provided.

[0048] According to the present invention, an optical information communication system comprising an erbium doped
fiber amplifier whose transient response is suppressed can be provided.

[0049] According to the present invention, an erbium doped fiber can be provided which can equally amplify the
intensities of each wavelength channel, particularly, even if there is less traffic, and an optical information communication
system comprising such an erbium doped fiber.

[0050] According to the present invention, a program can be provided for the construction of an optical information
communication system comprising an erbium doped fiber amplifier whose transient response is suppressed.

Brief Description of the Drawings
[0051]
Fig. 1 is a diagram showing an example of transition of a packet waveform brought about by EDFA.

Fig. 2 is a conceptual diagram showing the packet format and the traffic intensity in the embodiment.
Fig. 3 is a conceptual diagram showing the wavelength and timing allocations of packets in WDM environment.
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Fig. 4 is a schematic diagram of the apparatus in the embodiment.

Fig. 5 shows a graph showing impairments derived from gain excursion and crosstalk. Fig. 5 (a) shows Pattern I,
Type B, Fig. 5 (b) shows Pattern Il. Type A, Fig. 5 (c) shows Pattern lll, Type A, and Fig. 5 (d) shows Pattern 1V, Type A.
Fig. 6 shows a graph showing the cases corresponding to each case in Fig. 5 in case of using Type C. Fig. 6 (a)
shows Pattern |, Fig. 6 (b) shows Pattern Il, Fig. 6 (c) shows Pattern Ill, and Fig. 6 (d) shows Pattern IV.

Fig. 7 is a conceptual diagram showing the increase characteristic of an erbium doped fiber amplifier.

Fig. 8 is a conceptual diagram for explaining the amplifying method of an optical packet according to the third aspect
of the present invention.

Fig. 9 is a conceptual diagram for explaining a program according to the sixth aspect of the present invention.

Fig. 10is ablock diagram showing the schematic configuration of an optical amplifier for optical packet communication
according to an aspect of the present invention.

Fig. 11 is a schematic diagram of a rare earth doped fiber with enhanced active region manufactured in order to
examine the characteristics of a rare earth doped fiber with enhanced active region.

Fig. 12 shows a graph replaced with a drawing showing the characteristic of a rare earth doped fiber with enhanced
active region. Fig. 12 (a) shows the intensity of the signal of each channel, and Fig. 12 (b) shows the form of a
rectangular pulse.

Fig. 13 shows a graph replaced with a drawing showing a system comprising an overpumping light source, two rare
earth doped fibers with enhanced active region, and a intermediate gain equalizing filter. Fig. 13 (a) shows the
intensity of the signal of each channel, and Fig. 13 (b) shows the form of a rectangular pulse.

Fig. 14 is a diagram for explaining the schematic configuration of the optical amplifier for optical packet in the present
invention.

Fig. 15 is a figure showing a cross section of a specific rare earth doped fiber. Fig. 15 (a) shows an example of a
cross section of a single mode fiber, Fig. 15 (b) shows an example of a fiber where an active region and a core are
arranged concentrically, and Fig. 15 (c) shows an example of a fiber where an active region is almost equal to a core.
Fig. 16 shows a graph replaced with a drawing which identified the relationship between a numerical aperture and
an overlap factor.

Description of the Numerals

[0052]

1 Fiber

2 Active area

3 Core

4 Clad

10  Channel such as optical fiber

11 Optical packet

12 Gain equalizing filter

13  Optical packet

14  Fiber amplifier

15  Optical pulse

21 lcon menu

22 Icon related to fiber amplifier

23  Icon related to gain equalizing filter
24  Design screen

31 First rare earth doped fiber

32 Intermediate gain equalizing filter
33  Second rare earth doped fiber
34  Overpumping light source

Best Mode for Carrying Out the Invention

[0053] Hereinafter, best mode for carrying out the present invention is explained. The first aspect of the present
invention relates to an optical amplifier for optical packet communication comprising an erbium earth doped fiber whose
diameter of an active region is between 3.4pum and 10um, inclusive. That is, a fiber amplifier for optical communication
with small power output has been conventionally used as an optical amplifier for optical packet communication. This is
because a fiber amplifier for high power output is expensive and it requires a larger space and it is not easy to handle.
Furthermore, a fiber amplifier for high power output has been considered not to be suitable as an amplifier for optical
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information communication using an optical pulse because the gain excursion is large. However, the present invention
can suppress the gain excursion by using purposely such a fiber amplifier used in optical communication for high power
output in optical packet communication.

[0054] Fig. 14 is a diagram for explaining the schematic configuration of an optical amplifier for optical packet com-
munication in the present invention. As shown in Fig. 14, an optical amplifier for optical packet communication comprises
a rare earth doped fiber (1). And the rare earth doped fiber (1) is generally configured so as to comprise a core (3) and
a clad (4). On the other hand, usually, a whole core (2) is an active region (2), while in some cases a part of a core (3)
is an active region (2) as shown in Fig. 14.

[0055] Fig. 15is a figure showing the cross section of a specific rare earth doped fiber. Fig. 15 (a) shows an example
of a cross section of a single mode fiber, Fig. 15 (b) shows an example of a fiber where an active region and a core are
arranged concentrically, and Fig. 15 (c) shows an example of a fiber where an active region is almost equal to a core.
In many rare earth doped fibers, a core is almost the same size as an active region as shown in Fig. 15 (c). On the other
hand, a core may not be the same as an active region.

[0056] An active region means a gain area, or also called an active erbium area when a rare earth to de doped is
erbium, which is a certain region within a core of a fiber. A core is a region having a higher rate of specific refraction
than its circumference for the waveguide. In the place where a pump optical intensity is weak, the sorption of signal light
is larger than its amplification. For this reason, an active region is usually arranged so that it may overlap with the region
where the pump light intensity near the center of a core is strong. An active region is a region where rare earth ions are
doped, which is uniquely determined at the time of designing a fiber and which at a later time can be checked with
luminescence of the spontaneous emission light by pump light irradiation.

[0057] The first aspect of the present invention concerns an amplifier as described above where the rare earth is
erbium. Thatis, an optical fiber where an erbium doped fiber amplifier is used as a rare earth doped fiber, and an erbium
doped fiber amplifier is demonstrated in the embodiment.

[0058] The desirable mode of the 1st side of the present invention relates to an amplifier where the numerical aperture
of the erbium doped fiber is less than or equal to 0.2. Preferably, the numerical aperture is less than or equal to 0.13. A
numerical aperture can be controlled by adjusting the erbium concentration contained in a core and a clad, for example.
Generally, an optical fiber with a high numerical aperture has been considered to be more efficient as stated in the
column titled 1.7.2 Fiber structural dependence of "Erbium-doped Optical Fiber Amplifiers", edited by Shoichi Sudo, The
Optonics Co., Ltd., pp 150-152. And it has been common knowledge to design an erbium doped fiber so that a numerical
aperture might be as high as possible. The presentinvention uses a fiber with a low numerical aperture sot as to suppress
a gain excursion. Reducing a numerical aperture enables the integration value of the overlapping region of erbium ions
and the optical mode place to be small, thereby expanding the non-saturation region in the amplifier operation.

[0059] In a preferred embodiment of the first aspect of the present invention, the erbium doped fiber relates to any
one the amplifier as described above, wherein comprises a core and clad surrounding the core, the core being doped
with erbium as a rare earth, the clad being doped with a lower concentration of erbium than that included in the core.
This kind of optical fiber is one embodiment where a numerical aperture is reduced.

[0060] A preferred embodiment of the first aspect of the present invention relates to the optical packet communication
system using the amplifier as described above. As the system has the fiber amplifier as described above, it can amplify
the signals comprising optical packets such as a header or a payload while suppressing a gain excursion. A well-known
configuration in an optical packet communication system can be appropriately used for this optical packet communications
system. And, generally, the fiber amplifier of the present invention can be used as a fiber amplifier in an optical packet
communication system. Specifically, an optical packet communication system comprises a transmitter and a receiver
as well as a node for connecting them and an optical fiber for connecting them. And, because optical pulse intensity
becomes weaker as communication distance becomes longer, a fiber amplifier is appropriately used so as to intensify
the amplitude. The fiber amplifier of the present invention can appropriate be installed as a means for amplifying such
amplitude.

[0061] The second aspect of the present invention relates to a method for amplifying an intensity of an optical packet
signal using an amplifier for optical packet communication which comprises an erbium doped fiber having an active
region the diameter of which ranges between 3.4pm and 10pum. That is, as demonstrated in the embodiment described
below, the fiber amplifier of the present invention preferably makes it possible to amplify an optical packet signal while
suppressing a gain excursion. The fiber as explained earlier is used as a rare earth doped fiber used in the optical
amplification method according to this aspect. Accordingly, an erbium doped fiber with a low numerical aperture is to
be used.

[0062] A preferred embodiment of the second aspect of the present invention relates to an optical amplifying apparatus
for optical packet communication comprising a gain equalizing filter, and a rare earth doped fiber having an active region
the diameter of which ranges between 3.4pm and 10um, into which a light having transmitted through the gain equalizing
filter enters. That is, an optical packet usually comprises a number of optical pulses. The amplification characteristic of
a fiber amplifier changes depending on the wavelengths of input light. And when an optical packet contains several



10

15

20

25

30

35

40

45

50

55

EP 2 133 963 B1

optical pulses with different wavelengths, the intensity amplified by a fiber amplifier will differ for every wavelength.
Therefore, if the optical packet comprising the optical pulse comprising several wavelengths is amplified with a fiber
amplifier, the amplitude after amplification will not become uniform. Then, a gain equalizing filter is used.

[0063] Fig. 7 is a schematic diagram showing the increase characteristic of an erbium doped fiber amplifier. As shown
in Fig. 7, an erbium doped fiber amplifier has a maximum amplitude around near 1530nm and has a maximum gain
excursion around that. On the other hand, near 1580nm, the amplification of amplitude is not so large. On the other
hand, if the optical signal of wavelength near 1530nm is amplified, a noise will increase. For this reason, in the present
invention, it is desirable to use the light whose wavelength ranges between 1535nm and 1570nm, inclusive, as an
incoming signal, more preferably between 1535nm and 1565nm, inclusive.

[0064] In the usual optical packet communication system, first of all, the amplitude of an optical packet is amplified by
an erbium doped fiber amplifier. Then, the degrees of amplification differ depending on the wavelength of the optical
pulse contained in an optical packet. Therefore, the gains of the amplified optical pulses having different gains depending
on the wavelengths are equalized using a gain equalizing filter. When all the channels contained in an optical packet
are used, there are few problems in the equalizing method. However, especially when only a part of channels is used,
alarge gain excursion will occur as shown inthe formula (1) etc. as described below. Therefore, in a preferred embodiment
of the present invention, the amplitude of an optical packet is amplified by a fiber amplifier after having transmitted
through a gain equalizing filter in advance. By doing in this way, especially even if only some channels are used, gain
excursion can be suppressed. That is, in the present invention, the wavelength band dependence of transitional gain
excursion can be reduced by using a gain equalizing filter.

[0065] A preferred embodiment of the second aspect of the present invention relates to an optical amplifying apparatus
for optical packet communication comprising a preamplifier, a gain equalizing filter into which a light amplified by the
preamplifier enters, and a rare earth doped fiber having an active region the diameter of which ranges between 3.4um
and 10pm, into which a light having transmitted through the gain equalizing filter enters. A well-known preamplifier used
in an optical communication can appropriately be used as a preamplifier. By using a preamplifier, the excess noise
caused by a gain equalizing optical filter can be suppressed in the present invention.

[0066] The third aspect of the present invention relates to a method for amplifying an optical packet comprising the
steps of adjusting the intensities of wavelength channels so as to equalize the light intensities of the wavelength channels
having entered a rare earth doped fiber and having transmitted therethrough by a gain equalizing filter, and inputting
the optical packet having gone through the above step to the rare earth doped fiber.

[0067] Fig. 8 is a schematic diagram for explaining the amplification method of an optical packet according to the third
aspect of the present invention. As shown in Fig. 8, an optical packet (11) is transmitted through a transmission channel
(10) such as an optical fiber. The optical packet comprises several wavelengths of an optical pulse. And the optical
packet (11) comprising several wavelengths of an optical pulse is input into a gain equalizing filter (12). However, though
ageneral gain equalizingfilter is set to equalize the gain of each pulse having transmitted therethrough, the gain equalizing
filter (12) in the present invention is set to equalize the optical intensity of the wavelength channels input on the rare
earth doped fiber and having transmitted therethrough. For this reason, the gain of the optical pulse of each wavelength
contained in the optical packet (13) having transmitted through the gain equalizing filter does not become uniform. On
the other hand, the gain equalizing filter is set so that after the optical packet (13) having transmitted through the gain
equalizing filter goes through the fiber amplifier (14), the gain of the optical pulse (15) having transmitted through the
fiber amplifier bay be uniform (for example, the gap of the light intensity of each channel is within plus or minus 10% up
and down of average intensity, preferably within plus or minus 5% up and down of average intensity, more preferably
within plus or minus 3% up and down of average intensity).

[0068] By using the above gain equalizing filter, the gain of the optical pulse (15) having transmitted through the fiber
amplifier (14) will become uniform. Therefore, the above fiber amplifier can preferably be used in optical packet com-
munication. On the other hand, there is a problem that when there is little traffic a packet is affected by the gain excursion
and thus the inclination of the packet is emphasized. Furthermore, when there is little traffic, the phenomenon occurs
where the peak value of a packet becomes unusually high. Such an unusually high peak value causes further gain
excursion and also has a much possibility of giving damage to an optical element. Therefore, it is necessary to detect
that using a certain measure and restrict the incidence power to a fiber amplifier. However, as a result, the conditions
ofthe incidence light whose average power is extremely low will occur. Therefore, even if the amount of traffic is changed,
a fiber amplifier whose optical intensity of each channel is not changed is desired.

[0069] The above-mentioned problem is solved by the apparatus comprizing two rare earth doped fibers and the gain
equalizing optical filter arranged between them. Fig. 10 is a block diagram showing a schematic configuration of a light
amplifier for optical packet communication according to one aspect of the present invention. That is, as shown in Fig.
10, The forth aspect of the present invention is an optical amplifying apparatus for optical packet communication com-
prising a first rare doped fiber having an active region the diameter of which ranges between 3.4pm and 10pm, an
intermediate gain equalizing filter into which a light having transmitted through the first rare earth doped fiber enters,
and a second rare earth doped fiber having an active region the diameter of which ranges between 3.4pum and 10pm,
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into which a light having transmitted through the intermediate gain equalizing filter enters, the first rare earth doped fiber
being shorter in length than the second rare earth doped fiber, and the intermediate gain equalizing filter adjusting the
intensities of wavelength channels so as to equalize the light intensities of the wavelength channels having transmitted
through the second rare earth doped fiber.

[0070] In this way, including two prepared rare earth doped biers and a gain equalizing filter makes a gain excursion
smaller, and flatness is not impaired (for example, the intensity difference at each channel is within 1dBm). As a result,
the above optical amplifying apparatus can give the amplification characteristic to an input signal, which is same even
when there is little traffic as when there is much traffic.

[0071] The two rare earth doped fibers are designed taking the wavelength range of an input signal, the magnitude
of a gain, the intensity of an input signal, the intensity of an output signal, etc., into consideration comprehensively.
Specifically, when a rare earth doped fiber having an active region of a certain size is used, the length is appropriately
adjusted. The main role of the first rare earth doped fiber (31) is, for example, to give a small gain to the light incident
on the intermediate gain equalizing filter (22) so that an excess noise may not occur by the loss with the intermediate
gain equalizing filter (22). On the other hand, the main role of the second rare earth doped fiber is to amplify an optical
signal. Therefore, the gain with the second rare earth doped fiber is preferably is larger than the gain with the fist rare
earth doped fiber. As the same or similar rare earth doped fibers are usually used, the length of the first rare earth doped
fiber is preferably less than half of the length of the second rare earth doped fiber.

[0072] With regard to the specific length of the two rare earth doped fibers, preferably, the length of the first rare earth
doped fiber is between 25 cm and 75 cm, inclusive, and the length of the second rare earth doped fiber is between 1 m
and 3 m, inclusive. The rare earth doped fibers can preferably be used in the normal optical packet communication etc.
within the range, as the rare earth doped fibers were actually designed and checked as to their functions.

[0073] The intermediate gain equalizing filter adjusts the intensities of each wavelength channel so that the optical
intensities of each wavelength channel having transmitted through the second rare earth doped fiber may be equal. The
term "intermediate" in the intermediate gain equalizing filter means that the filter is located in the intermediate of the
second rare earth doped fiber. Therefore, a well-known gain equalizing filter can appropriately be used as the intermediate
gain equalizing filter. In order to make the intermediate gain equalizing filter function as mentioned above, it may have
the characteristic that compensates the gain excursion with the two rare earth doped fibers. This guarantees the outputted
gain flatness of an optical pulse. It is a well-known technology to control the characteristic of a gain equalizing optical
filter. Therefore, if the gain excursion which matches the gain characteristics with the two rare earth doped fibers can
be obtained, a gain equalizing filter may be designed and manufactured so as to compensate the gain excursion.
[0074] As shown in the embodiment described below, the use of an overpumping light source as a light source of a
light entering into the first rare earth doped fiber can provide an optical amplifying apparatus for optical packet commu-
nication having an extremely good characteristic. An overpumping light source means a light source with a power output
exceeding a proper pump intensity, and usually a light source with a power output much more exceeding the assumed
pump intensity. Explained more concretely, an overpumping light source is a light source much more exceeding the
propger pump light intensity determined by an active region of EDF, a doping condition, a leaf length, and several
conditions of assumed incidence signals, etc. in the design methods such as usual EDFA, and the optical electrical
power of the large portion does not contribute to an optical amplification directly. As for an overpumping in rare earth
doped fiber such as EDFA, refer to M. Karasek et al. "Suppression of Dynamic Cross Saturation in Cascades of Over-
pumped Refer to Erbium-Doped Fiber Amplifiers "Institute of Electrical and Electronics Engineers Photonic Technology
letters, Vol.10, No.7, July, 1998. By using an overpumping light source, in the present invention, the incidence power
dependence of an amplifier can be reduced near to a fixed gain. As a result, the gain flatness of an output pulse can be
maintained.

[0075] A specific output power of the overpumping light source (34) is between 200mW and 1 W, inclusive. Although
it is preferable that the output power of an overpumping light source is higher, because the cost of an apparatus may
be higher, the preferable output power is between 300mW and 600mW, inclusive, for example, 550mW.

[0076] The pulse signal from an overpumping light source enters into a first rare earth doped fiber through a coupler.
Then, with regard to the first rare earth doped fiber (31), a gain is given to an optical signal so that excess noise may
not occur by the loss with a intermediate gain equalizing filter (32). The intermediate gain equalizing filter (32) adjusts
the intensity of each wavelength channel so that the light intensity of each wavelength channel having transmitted through
the second rare earth doped fiber may be equal. More specifically, as the intermediate gain equalizing filter is designed
and manufactured so that it may have the characteristic compensating the gain excursion which matches the gain
characteristics with the two rare earth doped fibers, the light signal which compensated these gain characteristics will
be output. The light signal having transmitted through the intermediate gain equalizing filter (32) enters into the second
rare earth doped fiber. The optical intensity of each wavelength channel having transmitted through the second rare
earth doped fiber is set to be almost equal.

[0077] The sixth aspect of the present invention relates to a program for obtaining an initial value and time fluctuation
of a gain fluctuation for a rare earth doped fiber by making a computer operate as a means for inputting a cross-sectional
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area S of an active region of the rare earth doped fiber, a means for reading out a first factor and multiplying the cross-
sectional area S of the active region by the first factor to obtain an intrinsic saturation power P'S(xj) for each wavelength
channel, a means for reading out a light intensity POUT(XJ-) after having transmitted through each wavelength channel
and obtaining a value by dividing the read out POUT(3) by the previously obtained intrinsic saturation powder P'S(a;) for
all wavelength channels to add the obtained values POUT(%;)/PS()), and a means for reading out a predetermined
number and a second factor and adding a value obtained by adding the values POUT(%,)P!S()) for all wavelength channels
and the predetermined number to multiply the value after the addition by the second factor.

[0078] The sixth aspect of the presentinvention relates to a computer program for designing an optical communication
system, which at least makes a computer operate as a means for displaying an icon related to a rare earth doped fiber
on an output device, a means for displaying the icon at a predetermined position on a design screen for obtaining an
operation of the optical communication system, and a means for, when the icon is displayed at the predetermined
position, outputting, for an optical pulse inputted to the rare earth doped fiber, an amplitude of the inputted optical pulse
amplified by multiplying an amplification factor stored in advance.

[0079] Fig. 9 is a conceptual diagram for explaining program according to the sixth aspect of the present invention.
As shown in Fig. 9, the computer whereon this program is mounted displays a screen as shown in Fig. 9 on an output
device such as monitor. That is, an icon menu (22) displays an icon (22) about a fiber amplifier, an icon (23) about a
gain equalizing optical filter, etc. And when these icons are appropriately dragged and dropped on a design screen (24),
the devices etc. relating to the icons dragged are depicted on the design screen. When an optical pulse is input into a
fiber amplifier on this design screen, an amplification factor stored on the storage unit is read out, multiplied by the
intensity of the input optical pulse, and then output. It is a desirable mode of the present invention to prepare a further
icon about the fiber amplifier in the present invention in addition to the icon about the usual fiber amplifier.

[0080] A preferred embodiment of the sixth aspect of the present invention relates to the program as described above
for designing an optical communication system in consideration of an initial value and time fluctuation of a gain fluctuation
for a rare earth doped fiber by making a computer operate as a means for inputting a cross-sectional area S of an active
region of the rare earth doped fiber, a means for reading out a first factor and multiplying the cross-sectional area S of
the active region by the first factor to obtain an intrinsic saturation power P'S(xj) for each wavelength channel, a means
for reading out a light intensity POUT(XJ-) after having transmitted through each wavelength channel and obtaining a value
by dividing the read out POUT(3,) by the previously obtained intrinsic saturation powder P!S(1;) for all wavelength channels
to add the obtained values POUT(%)P!S(1;), and a means for reading out a predetermined number and a second factor
and adding a value obtained by adding the values POUT(2,)/P!S()) for all wavelength channels and the predetermined
number to multiply the value after the addition by the second factor.

[0081] A preferred embodiment of the sixth aspect of the presentinvention relates to a computer program for designing
an optical communication system, which at least makes a computer operate as a means for displaying on an output
device an icon related to an optical amplifying apparatus for optical packet communication where a prefilter and a rare
earth doped fiber are combined, a means for displaying the icon at a predetermined position on a design screen for
obtaining an operation of the optical communication system; and a means for, when the icon is displayed at the prede-
termined position, outputting, for an optical pulse inputted to the optical amplifying apparatus for optical packet commu-
nication, an amplitude of the inputted optical pulse amplified by multiplying an amplification factor stored in advance.
[0082] Specifically, when a gain equalizing optical filter and a fiber amplifier are located in a line in this order as shown
in Fig. 9, for example, it is preferable to give an output characteristic and a gain excursion as explained herein.

[0083] The preferred embodimentof the sixth aspect of the presentinvention relates to a computer-readable information
recording medium whereon any one the programs as described above.

[0084] The desirable embodiment of the sixth aspect of the present invention relates to a computer for designing an
optical telecommunication system whereon any one of the programs as described above is mounted and which comprises
arare earth doped fiber. The computer of the present invention stores any one of the programs as described above onto
main memory.

[0085] And when there is an input from a pointing device etc., CPU reads the program stored on the main memory,
appropriately reads the information stored on the memory based on the read instructions, performs predetermined
operations, and outputs. In order to realize such operations, a control part is connected with an input unit, an output unit,
a storage part and an operation part via a bus, etc. so that information can be transmitted and received.

[0086] In the present invention, an erbium doped optical fiber, having a comparatively large diameter of an active
region, is used. The representative example of an optical fiber amplifier is an erbium doped optical fiber, as explained
as an example hereinafter. As 10% to 20% by weight of germanium as well as 500 to 2000ppm of erbium as an
amplification media as dopant for increasing a refractive index are added to the active region of an erbium doped optical
fiber, it has excellent characteristics, for example, a high gain or a low noise, etc. Moreover, an amplification wavelength
band is in 1.55um, and is widely used as an optical amplifier for 1.5.m bandwidth.

[0087] An erbium doped optical fiber consists of an active region and a clad, and the active region is made of quartz
glass containing erbium, aluminum, and germanium.
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[0088] The content of germanium is less than 1.5% by weight, preferably 0.5% to 1.0% by weight.

[0089] Although the content of aluminum is not particularly limited, it is usually less than 4% by weight. Containing
aluminum makes it possible to flatten the wavelength dependence of the gain in a 1540-1560nm bandwidth and to
improve the gain flatness. Furthermore, an aluminum ion is coordinated with an erbium ion and can suppress a formation
of an erbium cluster. In this way, the energy exchange between erbium ions can be reduced, and the excellent energy
conversion efficiency can be obtained. The content of erbium of an active region is not particularly limited, and can
appropriately be determined depending on the purposes/applications.

[0090] Afiber amplifier such as an erbium doped optical fiber amplifier can be manufactured using well-known methods,
for example, chemical-vapor vapor-depositing methods such as MCVD method or VAD method, or the immersing method
using an aluminum compound solution, by manufacturing a mother agent for a fiber where elements such as germanium
are added at a desired concentration and melting-drawing same.

[0091] Itis to be understood that the technical scopes of the present invention is not limited to the above embodiments
and various changes may be made without departing from the spirit of the present invention. An active region may
contain other elements as long as it contains a desired concentration of erbium, aluminum, and germanium, as described
above. Furthermore, by making an active region contain cerium, ytterbium, and lanthanum 0.5% to 2.0% by weight,
respectively, for example, the bond between erbium ions can be suppressed further, and energy conversion efficiency
can be improved further. Therefore, even if a high concentration of erbium is contained, excellent energy conversion
efficiency can be obtained. Moreover, a crystalline structure is made stable and the optical loss derived from a structure
deficiency can be reduced.

[0092] The gain excursion G’(0) of EDFA can be approximated by the following formula (1), where G(t) is the gain of
EDFA (Sun, Y., Zyskind, J. L., Srivastava, A.K., Zhang, L., "Analytical formula for the transient response of erbium doped
fiber amplifiers" Applied Optics Volume 38, Issue 9 (1999) pp 1682-1685).

[Formula 1]

6(0) - [CEI=CON, 5 P

. jm] (1)

hvS

P7(4;)= [o.(A)+0,(A)IT7,

(2)

[0093] In the above formula (1), G(0) is the gain before the transient and G () is the steady gain after the transient.
1o means the intrinsic lifetime of the upper level of the erbium ions. 1, can be obtained by turning on and off excitation
light. Although three excitation levels may exist, two level systems of Er3* concerning the emission transient were
assumed here. P'S(xj) means the intrinsic saturation power at the wavelength channels (1)). hv means the light intensity.
S means the active erbium cross-sectional area of EDF. 6, and (c, mean the absorption and stimulated emission cross
section, respectively, at the wavelength channels. s, and o, can be obtained by well-known spectroscopic analyses
such as a transverse fluorescence lifetime measurement technique. I} means the confinement factor (overlap factor)
which is the overlap integral between the erbium ions and the modal field of light at the wavelength channels. In this
formula, signal light and pump light can be treated identically.

[0094] G’(0)indicates the initial slope of gain excursion. On the other hand, conventionally, an optical fiber with a large
diameter of an active region has been used so as to obtain a high power output. That is, since an optical fiber with a
large diameter of an active region is used when POUT s large, usually, the use of such an optical fiber will inevitably
increase POUT as well as a gain excursion. In the present invention, such an optical fiber with a large diameter of an
active region usually used for a high power output is used for a light pulse with a low power output (for example, a power
output of between 1mW and 1W, inclusive, preferably between 10mW and 500mW, inclusive, more preferably between
50mW and 400mW, inclusive).

[0095] As shown in the above formula, G’(0) indicates the slope of a gain excursion, and is inversely proportional to
S. Therefore, the gain variation can be improved by using EDF with a larger erbium cross-sectional area. Furthermore,
the erbium doped fiber amplifier of the present invention, combined with the electric controlling method conventional in
the art, can also constitute a gain excursion suppression light amplifier with a larger time response.

[0096] As mentioned above, P'S(xj) may be increased so as to reduce G’(0). For the purpose, S may be increased or
I'ymay be decreased. Furthermore, a burst mode erbium doped fiber amplifier may be designed so as to expand a non-
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saturation region and to decrease a numerical aperture. According to the present invention, the numerical aperture of
an erbium doped fiber is less than or equal to 0.2, more preferably, less than or equal to 0.13. A numerical aperture is
controlled by adjusting the erbium concentration contained in a core and a clad. Accordingly, an optical fiber where a
core is doped with erbium as a rare earth, a clad is also doped with erbium. That is, in the present invention, an optical
fiber having a clad doped with erbium with a lower concentration than the erbium concentration in a core is used.
[0097] The fifth aspect of the present invention relates to a method for manufacturing an erbium doped fiber amplifier
comprising the step of designing the erbium doped fiber so as to have an active region whose diameter is between
3.4pm and 10um, inclusive, and to have a numerical aperture of less than or equal to 0.2 to make l“j, small, where l“j is
a coefficient indicating an integration value of an overlap area between erbium ions and an optical modal field at a
wavelength channel.

Embodiment 1

[0098] In the following embodiment, a WDM packet segmented into eight wavelengths from 10G-Ethernet frame input
was transmitted. Fig. 2 is a conceptual diagram showing the packet format and traffic intensity in this embodiment. Bit
rate of payload conformed to OC-192 (9.95328Gbps), and a packet included 128bits preamble and 3814bits payload,
and the duration of a packet was about 400ns. In this embodiment, two different link utilizations (LU [%] = summarized
total duration of packets within a second) of 33% and 0.4% were used. The numerical aperture was 0.18.

[0099] The formulas (1) and (2) are approximation formulas unlike in the implementation system. Therefore, there
existresidual continuous light and amplified spontaneous emission (ASE). For example, the summation of optical energies
forming mark ("1") bits are only 1/50 of total optical energies in the case of LU=0.4%, taking into account that the mark
ration of packet is 50:50. The remaining optical energies belong to DC component on space ("0") bits or blank time
between packets. Under the circumstances, the energy used for an effective optical pulse is not dominant. On the other
hand, the above formula assumes fast switched WDM networks in which the bit stream is continuous, and pumping
power for EDF is effectively consumed by an effective optical pulse and an explicit ASE component. However, this
embodiment agrees with the above formula, and a more precise and quantitative examination should be a future issue.
[0100] Fig. 3 shows wavelength and timing allocations of packets in several distinctive cases in WDM environment.
The packet generator generates 100GHz spaced eight wavelengths of packets at the same timing (Pattern 1). The
decorrelated WDM packet was also observed for comparison (Pattern Il). The choice of Pattern | and Pattern Il should
depend on the network architecture from the point of view of the transient response of EDFA.

[0101] Since the above formula also indicates that a light intensity on other wavelengths affects the gain excursion, it
should be a more serious problem in WDM. In order to consider the effects affected by these other wavelengths, Pattern
IIl and Pattern IV were also observed.

[0102] Fig. 4 shows a schematic diagram of the device in the embodiment. With regard to the device, a typical optical
packet switching (OPS) system using five cascaded EDFA was assumed. This system is also applicable to the other
model of optical packet network with several hops. The average optical intensity input into the first EDFA was -8 to
-12dBm depending on the LU and was amplified up to +13dBm. Then, the optical intensity input into EDFA was attenuated
to -3dBm with 7.6nm band pass filter and was input into the next EDFA. Each gain of EDFAs was adjusted to 16dB. For
ease of explanation, A4 (1550. 12nm) only was observed.

[0103] For the purpose of reference, a commercial EDFA (Type A) with LU=33%, Pattern | and a commercial EDFA
(Type B) with LU=0.4%, Pattern Il were also observed. EDFA (Type C) used in the present invention was Pattern Il|
having the diameter of an active region is 4.3um.

[0104] In conclusion, the EDFA (Type C) in the present invention was most excellent, and Type A was most inferior.
Although type B demonstrated the performance similar to that of Type C, it was slightly inferior. Taking LU into consid-
eration, there was no significant impairment except for Type A in case of LU=33%. A slight noise was observed with
Type A. On the other hand, in case of LU=0.4%, many impairments were observed. Furthermore, impairment was found
to be affected by the number of continuous EDFAs.

[0105] Fig. 5 shows a graph for indicating the impairment derived from a gain excursion and a cross talk. Fig. 5 (a)
shows Pattern I, type B, Fig. 5 (b) shows Pattern Il, type A, Fig. 5 (c) shows Pattern Ill, type A, and Fig. 5 (d) shows
Type IV, type A.

[0106] As shown in Fig. 5 (a), an optical packet suffers from a gain excursion by five continuous EDFAs. Such an
impairment is an avoidable problem in present. Although Type B tends to a relatively low excursion but an accumulation
of excursions even if all the wavelengths has the same timing.

[0107] Figs. 5(b) to 5(d) show the worst case with type A. Fig. 5b shows an extremely high noise derived from other
decorrelated wavelengths. It is clearly shown in Figs. 5(c) and 5(d) that seven channels other than observed one affect
on\4 when they are dropped or added. To emphasize the impairment, the timing of the seven channels was made the
same. This shows that the use of the unoptimized EDFA in WDM environment eventually result in destruction of an
optical packet.
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[0108] The best result was observed in all cases in the embodiment with Type C having a large erbium active region.
Fig. 6 shows a graph with Type C corresponding to Fig. 5. Fig. 6(a) shows Pattern |, Fig. 6(b) shows Pattern Il, Fig. 6(c)
shows Pattern Ill, and Fig. 6(d) shows Pattern IV.

[0109] Fig. 6(a) shows almost the same result as that of Fig. 5(a) but with 30% improvement. Furthermore, Figs. 6(b)
to 6(d) show a slight impairment but no further impairment derived from a cross talk while Type A showed an apparent
impairment. This shows that the present invention can certainly mitigate a gain excursion and a cross talk.

Embodiment 2
Examination of characteristics of a rare earth doped fiber with enhanced active region

[0110] The characteristics of a rare earth doped fiber with enhanced active region were examined. Fig. 11 shows a
schematic diagram of a rare earth doped fiber with enhanced active region which was manufactured for examining the
characteristics of a rare earth doped fiber with enhanced active region. The used fiber amplifier was an erbium doped
fiber amplifier which can be used in burst mode. The used fiber amplifier had the active region whose diameter was
7.6p.m and had a length of 3m to 4m. The intensity of the input signal was -3dBm. In order to identify the characteristics
of the manufactured fiber amplifier when there is little traffic, a simulation using a computer was performed. The numerical
aperture was 0.13.

[0111] Fig. 12 shows a graph replaced with a drawing showing the characteristics of a rare earth doped fiber with
enhanced active region. Fig. 12 (a) shows the intensity of the signals at each channel, and Fig. 12 (b) shows the form
of a rectangular pulse. Fig. 12 (a) shows that the influence of a gain excursion is seen in the signals at each channel
when there is little traffic.

[0112] Furthermore, Fig. 12 (b) shows that there is a slope in a part of the form of the rectangular pulse. Moreover,
as for an amplification of a small signal, Fig. 12 shows that a small signal amplification tends to have a higher gain than
an amplification in a saturation range.

Embodiment 3

Examination of characteristics of a system comprising an overpumping light source, two rare earth doped fibers with
enhanced active region, and an intermediate gain equalizing filter

[0113] A system having the configuration as shown in Fig. 10 was constructed, and the characteristics of the system
comprising an overpumping light source, two rare earth doped fibers with enhanced active region, and an intermediate
gain equalizing filter were examined. The intensity of the overpumping light source was -3dBm. Two rare earth doped
fibers with enhanced active region were the erbium doped fiber amplifiers which can be used in burst mode. And the
diameter of the active region was 7.6p.m, the length of the first rare earth doped fiber was 50cm, and the length of the
second rare earth doped fiber was 2m. The intermediate gain equalizing optical filter was designed and manufactured
so as to have the filter property which compensates the gain excursion by the above first and second rare earth doped
fibers. A simulation using a computer was performed in order to identify the manufactured system when there is little traffic.
[0114] Fig. 13 shows a graph replaced with a drawing showing the characteristics of a system comprising overpumping
light source, two rare earth doped fibers with enhanced active region, and an intermediate gain equalizing filter. Fig. 13
(a) shows the intensities of the signals at each channel, and Fig. 13 (b) shows the form of a rectangular pulse. Fig. 13
(a) shows that there is little influence of the gain excursion to the signal of each channel when there is little traffic.
Furthermore, Fig. 13 (b) shows that the form of a rectangular pulse is kept generally rectangular. The value of the ordinate
of a spectrum differs between Fig. 12 and Fig. 13. This means that the use of an overpump and a gain equalizing optical
filter can provide a static gain almost equal to constant value without depending on the average power of incident light.

Embodiment 4
Relationship between a numerical aperture and an overlap factor

[0115] Next, a simulation of the relationship between a numerical aperture and an overlap factor in the optical wave-
length regions of 1530nm to 1580nm was carried out.

[0116] Fig. 16 shows a graph replaced with a drawing which identified the relationship between a numerical aperture
and an overlap factor. As shown in Fig. 16, in the regions of 1530nm to 1580nm, it turns out that an overlap factor can
be effectively decreased by making a numerical aperture less than or equal to 0.2. Particularly when a numerical aperture
is made less than or equal to 0.13, it turns out that an overlap factor can be decreased rapidly.
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Industrial Applicability

[0117] An erbium doped fiber amplifier in the present invention can be used in the field of optical information commu-
nication etc. Furthermore, an erbium doped fiber amplifier in the present invention, combined with the electric controlling
methods conventional in the art, can also constitute a gain excursion suppression optical amplifier with a larger time
response.

Claims

1.

An optical amplifier (14) for optical packet communication comprising an erbium doped fiber (1) having an active
region (2) whose diameter is between 3.4.um and 10um, inclusive,

wherein the numerical aperture of the erbium doped fiber (1) is less than or equal to 0.2,

wherein the erbium doped fiber (1) comprises a core (3) and a clad (4) surrounding the core (3), the core (3)
being doped with erbium as a rare earth, and the clad (4) being doped with a lower concentration of erbium
than that included in the core.

2. The amplifier (14) according to claim 1, wherein the numerical aperture of the erbium doped fiber (1) is less than or
equal to 0.13.

3. An optical packet communication system comprising the amplifier (14) according to claim 1 or claim 2.

4. Amethod foramplifying anintensity of an optical packet signal using an amplifier (14) for optical packet communication
comprising an erbium doped fiber (1) having an active region whose diameteris between 3.4pumand 10um, inclusive,
wherein the numerical aperture of the erbium doped fiber (1) is less than or equal to 0.2, wherein the erbium doped
fiber (1) comprises a core (3) and a clad (4) surrounding the core (3), the core (3) being doped with erbium as a
rare earth, and the clad (4) being doped with a lower concentration of erbium than that included in the core, the
method comprising the steps of:

inputting an optical packet to the fiber amplifier (14); and
amplifying the intensity of the optical packet input to the fiber amplifier (14).

5. The method according to claim 4, wherein the numerical aperture of the erbium doped fiber (1) is less than or equal
to 0.13.

Patentanspriiche

1. Optischer Verstarker (14) fir optische Paketkommunikation, eine mit Erbium dotierter Faser (1) umfassend, die
einen aktiven Bereich (2) aufweist, dessen Durchmesser zwischen 3,4 um und 10 um inklusive liegt,

wobei die numerische Apertur der mit Erbium dotierten Faser (1) kleiner oder gleich 0,2 ist,

wobei die mit Erbium dotierte Faser (1) einen Kern (3) und eine Umhdllung (4) umfasst, die den Kern (3) umgibt,
wobei der Kern (3) mit Erbium als eine Seltenerde dotiert ist und die Umhiillung (4) mit einer geringeren Erbium-
Konzentration dotiert ist als die, welche in dem Kern enthalten ist.

2. \Verstarker (14) nach Anspruch 1, wobei die numerische Apertur der mit Erbium dotierten Faser (1) kleiner oder
gleich 0,13 ist,

3. Optisches Paketkommunikationssystem, den Verstarker (14) nach Anspruch 1 oder 2 umfassend.

4. \Verfahren zum Verstarken einer Intensitat eines optischen Paketsignals unter Verwendung eines Verstarkers (14)

zur optischen Paketkommunikation, eine mit Erbium dotierte Faser (1) umfassend, die einen aktiven Bereich aufweist,
dessen Durchmesser zwischen 3,4 um und 10 um inklusive liegt, wobei die numerische Apertur der mit Erbium
dotierten Faser (1) kleiner oder gleich 0,2 ist, wobei die mit Erbium dotierte Faser (1) einen Kern (3) und eine
Umhdllung (4) umfasst, die den Kern (3) umgibt, wobei der Kern (3) mit Erbium als eine Seltenerde dotiert ist und
die Umhllung (4) mit einer geringeren Erbium-Konzentration dotiert ist als die, welche in dem Kern enthalten ist,
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das Verfahren die folgenden Schritte umfassend:

Eingeben eines optischen Pakets in den Faserverstarker (14); und
Verstarken der Intensitat des optischen Pakets, das in den Faserverstarker (14) eingegeben wurde.

5. Verfahren nach Anspruch 4, wobei die numerische Apertur der mit Erbium dotierten Faser (1) kleiner oder gleich

0,13 ist.

Revendications

Amplificateur optique (14) pour la communication par paquets optiques comprenant une fibre dopée a I'erbium (1)
ayant une région active (2) dont le diamétre se situe entre 3,4 um et 10 um, inclus,

dans lequel 'ouverture numérique de la fibre dopée a I'erbium (1) est inférieure ou égale a 0,2,

dans lequel la fibre dopée a I'erbium (1) comprend une ame (3) et une gaine (4) entourant I'ame (3), I'dme (3)
étant dopée avec de I'erbium comme terre rare, et la gaine (4) étant dopée avec une concentration d’erbium
inférieure a celle contenue dans I'ame.

Amplificateur (14) selon la revendication 1, dans lequel I'ouverture numérique de la fibre dopée a I'erbium (1) est
inférieure ou égale a 0,13.

Systeme de communication par paquets optiques comprenant 'amplificateur (14) selon la revendication 1 ou la
revendication 2.

Procédé d’amplification d’une intensité d'un signal de paquet optique au moyen d’'un amplificateur (14) pour la
communication par paquets optiques comprenant une fibre dopée a I'erbium (1) ayant une région active dont le
diameétre se situe entre 3,4 um et 10 um, inclus, dans lequel I'ouverture numérique de la fibre dopée a I'erbium (1)
est inférieure ou égale a 0,2, dans lequel la fibre dopée a I'erbium (1) comprend une ame (3) et une gaine (4)
entourant 'dme (3), 'dme (3) étant dopée avec de I'erbium comme terre rare, et la gaine (4) étant dopée avec une
concentration d’erbium inférieure a celle contenue dans I’ame, le procédé comprenant les étapes suivantes :

entrée d’un paquet optique dans I'amplificateur optique (14) ; et
amplification de l'intensité du paquet optique entré dans I'amplificateur optique (14).

Procédé selon la revendication 4, dans lequel I'ouverture numérique de la fibre dopée a I'erbium (1) est inférieure
ou égale a 0,13.
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Fig. 1
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Fig.2
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Fig.3
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Fig. 4
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Fig. 6
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Fig.7
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